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Human skin is exposed to an environment that varies
in humidity from 100 to 0%, leading to seasonal
variations in the condition of the skin. Exposure to a
low humidity environment creates an osmotic gradi-
ent across the stratum corneum, which is known to
modulate cutaneous barrier function. Heat shock
proteins protect against stress-induced destabilization
of proteins. We investigated whether osmotic shock
(sorbitol) induced a heat shock protein response in
normal human keratinocytes, and used heat shock as
a positive control. Both heat shock and osmotic
stress (200 and 300 mM sorbitol) clearly induced heat
shock proteins 70 and 27 mRNA levels. The induc-
tion of heat shock protein 70 mRNA levels by osmo-
tic stress peaked at 16 h and persisted until 24 h,
whereas upregulation of heat shock protein 70
mRNA levels by heat peaked at 2 h and returned to
baseline levels by 6 h. Sorbitol also increased heat
shock protein 70 levels in a concentration-dependent
manner. The kinetics of heat shock protein 27
mRNA induction by osmotic stress and heat were
similar with peak induction at 6 h. The mitogen acti-
vated protein kinase family of proteins plays an
important part in the coordination of gene responses
to various stress conditions. We have demonstrated
that the p38 mitogen activated protein kinase was
strongly activated by 200 mM and 300 mM sorbitol.
The speci®c p38 mitogen activated protein kinase
inhibitor PD169316 almost completely blocked heat
shock protein 70 mRNA induction by 200 mM and
300 mM sorbitol and completely suppressed heat
shock protein 27 mRNA induction with 200 mM sor-
bitol. PD169316 also counteracted upregulation of
heat shock protein 70 levels by sorbitol. These data
indicate that keratinocytes respond to osmotic stress
by p38 mitogen activated protein kinase regulated
induction of heat shock proteins. This molecular
pathway may be relevant for the mechanisms
regulating the response of human skin to variations
in environmental humidity. Key words: heat shock
proteins/skin/sorbitol. J Invest Dermatol 117:1290±1295,
2001
H
uman epidermis is a multilayered epithelium that
forms the interface between the environment and
the organism, to protect the body both against
excessive water loss as well as against penetration of
potentially damaging substances. Environmental
conditions, particularly changes in humidity, have an effect on
skin condition. The terrestrial environment can vary in humidity
from 0 to 100%. Exposure to a dry environment has profound
effects on epidermal structure and function, which are even more
pronounced when the barrier function of the stratum corneum is
disrupted (by organic solvents or detergents) or impaired due to
common dermatoses, including atopic eczema or psoriasis (Denda
et al, 1998a). Exposure to a low humidity environment results in an
enhancement of the epidermal barrier function, which can be
considered as a homeostatic repair response, whereas barrier
recovery is delayed in a high humidity environment (Denda et al,
1998b). The epidermal release of pro-in¯ammatory cytokines such
as interleukin-1 is ampli®ed (Ashida et al, 2001), and the contact
hypersensitivity response is higher in a low humidity environment
(Hosoi et al, 2000). A hyperosmotic stimulus has been shown to
produce a rapid transient increase in intracellular calcium in
keratinocytes (Dascalu et al, 2000), whereas low humidity has been
shown to stimulate epidermal DNA synthesis and modulate
keratinocyte proliferation (Denda et al, 1998b). Therefore, changes
in environmental humidity may directly affect the behavior of the
living cells in the epidermis. This study investigates the effect of the
agent sorbitol, mimicking a drying osmotic environment, in
cultured normal human keratinocytes, which represent the dividing
and metabolically active cells of the epidermis.
One of the consequences of osmotic shock is loss of cellular
water and denaturation of intracellular proteins. Protein denatura-
tion induces the synthesis of heat shock proteins (HSP). HSP are
considered to be molecular chaperones that bind to unfolded and
denatured proteins, promoting their (re-)folding and correct
assembly (Beckman et al, 1990; De Maio, 1999; Feder and
Hofmann, 1999). The HSP response of keratinocytes to heat has
been well characterized previously (Maytin et al, 1990; Maytin,
1992). It was our ®rst aim to investigate whether osmotic shock
induces the HSP response in keratinocytes. We studied the effect of
osmotic stress on mRNA levels and protein levels of HSP. Two
well-known HSP are HSP70 and HSP27. The 70 kDa family of
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HSP consists of constitutive and stress-inducible isoforms, which
act as molecular chaperones (Tavaria et al, 1996). HSP27 encodes
the 27 kDa HSP family or the small HSP, which function as
molecular chaperones in thermotolerance (Jacob et al, 1993; Fortin
et al, 2000). Furthermore, HSP27 expression is related to cell
growth and differentiation (Jantschitsch et al, 1998).
The HSP response involves increased expression of genes
encoding HSP. Increased gene expression is often regulated by
the sequential activation of cytoplasmatic protein kinases. The
mitogen activated protein kinase (MAPK) family of protein kinases
plays an important part in coordinating gene responses to growth
factors and various environmental stress conditions. Three struc-
turally related but biochemically and functionally distinct MAPK
signal transduction pathways have been identi®ed and include p38
MAPK pathway, the c-jun N-terminal kinase (JNK) pathway and
extracellular signal regulated (ERK) pathway (Su and Karin, 1996).
p38 MAPK is activated by various environmental stresses, including
cytokines and ultraviolet (UV). JNK is also activated by these
environmental stress factors, but it participates in growth factor
signaling as well. In general, ERK are primarily activated in
response to growth factors and phorbol esters, whereas stress and
in¯ammatory cytokines poorly activate the ERK. (Raingeaud et al,
1995; Whitmarsh et al, 1995; Canman and Kastan, 1996; Assefa et al,
1997, 2000; Peus et al, 1999). Our second aim was to investigate
the effect of osmotic stress on the MAPK pathway in keratinocytes
and whether a speci®c MAPK signal transduction is involved in the
upregulation of HSP after osmotic stress.
MATERIALS AND METHODS
Cell culture and reagents Normal human keratinocytes were isolated
from the foreskin of a young donor and grown in low-calcium
(0.09 mM) keratinocyte serum-free medium (Gibco-BRL, Invitrogen,
Merelbeke, Belgium) supplemented with bovine pituitary extract (50 mg
per ml) and 5 ng human epidermal growth factor. Forty-eight hours
before treatment cells were starved with epidermal growth factor-free
keratinocyte serum-free medium, supplemented with 10 mg bovine
pituitary extract (growth factor deprived medium). Keratinocytes were
incubated with low calcium growth factor deprived medium (control),
or with the same medium, made hypertonic by adding 50, 100, 200, or
300 mM Sorbitol (Sigma-Aldrich, Bornem, Belgium). Cells were
harvested 2 h, 6 h, 16 h, and 24 h after addition of sorbitol, or after 4 h
in the case of Hsp protein determination by enzyme immunoassay (EIA).
As a positive control, cells were heat shocked at 45°C for 20 min and
harvested at the same time-points as the sorbitol-treated cells.
In a subset of experiments cells were, either temporarily treated with
sorbitol for 2 h, or not starved prior to incubation with hyperosmotic
medium. Results of these experiments are discussed, but not shown.
The p38 MAPK inhibitor PD169316 was purchased from Calbiochem
(Bierges, Belgium).
Northern blot analysis Total RNA was isolated using Rneasy kit
from Qiagen (Westburg, Heusden, The Netherlands). Twenty
micrograms total RNA was fractionated by formaldehyde/agarose gel
electrophoresis blotted to a nylon membrane and ®xed by UV cross-
linking, as described (Courtois et al, 1997). Prehybridization and
hybridization were done in 50% formamide, 5 3 Denhardt's, 6 3
sodium citrate/chloride buffer, 0.1% sodium dodecyl sulfate, 50 mM
sodium phosphate pH 7.0, denatured herring sperm DNA (200 mg per
ml) at 42°C for 2±5 h. DNA probes were labeled by the random
priming method with a-32P-deoxycytidine triphosphate. Blots were
washed under increasingly stringent conditions (last step in 0.1 3 sodium
citrate/chloride buffer; 0.1% sodium dodecyl sulfate) and exposed for the
appropriate duration. Autoradiography blots were compared by
densitometry scanning. When the same blot was used for rehybridization
it was stripped by two successive cycles of boiling in water containing
0.1% sodium dodecyl sulfate. The integrity of RNA samples was veri®ed
by ethidium bromide staining before blotting. The DNA probes that
were used were: the human HSP70 cDNA and the human HSP27
cDNA probe (StressGen Biotechnologies Corp., Victoria, Canada). To
normalize total RNA loading, blots were hybridized with the cDNA
fragment of human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 1200 bp fragment cloned into PstI site of the vector pBR
322) (Yun et al, 1985)
Immunoassay Protein extracts were prepared as described (Assefa et
al, 2000). The amount of HSP70 in cell lysates was assayed by EIA using
a mouse monoclonal antibody precoated plate according to instructions
from the supplier (StressGen Biotechnologies Corp.). Detection of the
bound HSP70 is based on the subsequent recognition by a HSP70
speci®c, biotinylated rabbit polyclonal antibody. The biotinylated
detector antibody is then bound by an avidin±horseradish peroxidase
conjugate. Color development occurs after reaction with
tetramethylbenzidine substrate, followed by the addition of acid stop
solution to convert the end-point color to yellow and quanti®cation by
reading the absorbance at 450 nm for comparison with a standard curve.
Western blot analysis Protein extracts were prepared as described
(Assefa et al, 2000). Protein concentration was determined using the
BCA Protein Assay Reagent (Pierce Chemical Company, IL). Samples
100 mg protein from cell lysates were resolved by sodium dodecyl
sulfate±polyacrylamide gel electrophoresis followed by wet electrotransfer
on to nitrocellulose membrane (Hybond-C Super, Amersham,
Rosendaal, the Netherlands). Blocking was performed in phosphate-
buffered saline±0.1% Tween 20 supplemented with 5% nonfat dry milk
for at least 1 h at 20°C. After four washings, the membrane was
incubated overnight at 4°C in phosphate-buffered saline±3% bovine
serum albumin with the primary antibody. Primary antibodies used were
monoclonal antibodies, which speci®cally recognize the phosphorylated
(activated) form of the MAPK, ERK, JNK, and p38: Anti-Active
MAPK, for ERK1/2; Anti-Active JNK for JNK (Promega, Leiden, the
Netherlands) and antiphospho-p38 antibody (New England Biolabs,
Beverly, MA, USA) for p38 MAPK. After four washings in phosphate-
buffered saline±0.1% Tween 20, the membrane was incubated for 1±2 h
at 20°C with the peroxidase-conjugated secondary antibody and then
autoradiographed using enhanced chemiluminescence as directed by the
supplier (Amersham Life Sciences).
RESULTS
Osmotic stress induces HSP at the mRNA and protein
level Sorbitol, within the range of 200±300 mM, clearly
upregulated HSP70 mRNA levels. HSP70 mRNA levels started
to increase at 2 h. A clear increase in HSP70 mRNA levels was
observed at 6 h, peak increase occurred at 16 h and increased
mRNA levels were still present at the latest time-point studied
(24 h). The positive control, heat shock, upregulated HSP70
mRNA levels earlier and more transiently (peaking at 2 h and
almost disappeared by 6 h) (Fig 1a, b). Both heat shock and
sorbitol (100±300 mM) upregulated HSP27 mRNA levels, with
peak mRNA levels at 6 h (Fig 1a, c).
The induction of HSP70 was con®rmed at the protein level,
using EIA (Fig 2). Sorbitol-treated keratinocytes showed a con-
centration-dependent increase in HSP70 protein levels after 4 h of
exposure. The HSP70 protein level obtained after exposure to
200 mM sorbitol was in the same range as the HSP70 level in the
heat shocked control that was harvested at the same time.
Keratinocytes, continuously exposed to 100, 200, and 300 mM
sorbitol, were capable of complete recovery from osmotic stress,
whereas exposure to 600 and 1000 mM sorbitol caused cell death.
We evaluated the effect of a shorter sorbitol treatment (2 h) on
HSP70 and HSP27 mRNA levels, to determine whether cells
could recover from a shorter period of osmotic stress. Keratinocytes
were treated with medium containing sorbitol (100, 200, 300, 600,
and 1000 mM) for 2 h and then switched to old medium. In
keratinocytes, exposed to 600 mM sorbitol for only a short period
(2 h), we observed at 6 h a clear increase in HSP70 mRNA levels
(more than 2-fold) (results not shown), which was not observed in
keratinocytes that were continuously exposed to 600 mM sorbitol.
Osmotic stress activates p38 MAPK in normal human
keratinocytes The MAPK family of protein kinases plays an
important part in coordinating gene responses to various
environmental stress conditions, and osmotic stress is an
important environmental stress for the keratinocyte. We
investigated levels of activated p38 MAPK, JNK, and ERK at
different time points, following treatment of keratinocytes with 200
and 300 mM sorbitol. p38 MAPK showed a strong and early (from
5 min onwards) activation, induced by 200 and 300 mM Sorbitol.
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p38 MAPK activation was more transient with 200 than with
300 mM sorbitol. At 6 h p38 MAPK activation after 200 mM
sorbitol was almost down to zero. p38 MAPK activation by
300 mM sorbitol persisted until 16 h (Fig 3). JNK was moderately
and dose-dependently activated by 200 and 300 mM sorbitol from
30 min onwards. Under our experimental conditions, we could not
demonstrate ERK1/2 activation by osmotic stress, although
ERK1/2 was clearly activated by the addition of epidermal
growth factor (100 ng per ml), a known strong inducer of ERK
(results not shown).
The p38 inhibitor PD169316 counteracts osmotic stress
induced HSP at the mRNA and protein level The p38
MAPK showed an early and strong activation by sorbitol
concentrations that also induced increased HSP70 and HSP27
mRNA levels. Therefore, we further explored the involvement of
p38 MAPK in HSP induction. We investigated whether inhibition
of p38 MAPK activity with the speci®c inhibitor of p38 MAPK,
PD169316 (Assefa et al, 2000), would affect a sorbitol-mediated
increase in HSP70 and HSP27 mRNA levels. As shown in Fig 4,
both upregulation of HSP70 and HSP27 mRNA levels by sorbitol
was counteracted when cells were pretreated with PD169316.
Fifteen micromol of PD169316 per liter downregulated HSP70
mRNA levels by 200 and 300 mM sorbitol with 70% and more
than 90%, respectively, as measured densitometrically after
correction for GAPDH. Fifteen micromol of PD169316 per liter
completely suppressed the induction of HSP27 mRNA levels with
200 mM. The p38 MAPK inhibitor had no effect on HSP70 and
HSP27 induction by heat (not shown).
Counteraction of osmotic stress induced HSP70 was con®rmed
at the protein level, using EIA (Fig 5). Sorbitol (100 mM) treated
keratinocytes showed an increase in HSP70 protein levels after 4 h
of exposure. Ten micromol of PD169316 per liter downregulated
the induction of HSP70 protein levels by 100 mM sorbitol with
85%. Fifteen and 20 mM PD169316 completely suppressed the
induction of HSP70 protein levels by 100 mM sorbitol. The p38
MAPK inhibitor had no effect on baseline protein levels of HSP70.
DISCUSSION
This study is to our knowledge one of the ®rst observations of an
increased expression of HSP at mRNA and protein level caused by
osmotic stress in human keratinocytes. The hyperosmotic agent
sorbitol increases HSP70 mRNA levels with different kinetics than
HSP27 mRNA levels. As a positive control, we used heat stress, a
known inducer of HSP in mammalian cells, including keratino-
Figure 2. Induction of Hsp70 protein in keratinocytes after
osmotic stress and heat shock. Concentration-dependent increase in
Hsp70 protein in sorbitol treated (concentration in mM) or heat shocked
(HS) keratinocytes as measured by EIA. Exposure time was 4 h. EIA
measures nanograms of Hsp70 protein per 1.0 3 10 (4) cells. Results
correspond with mean 6 SD (n = 6) of one representative experiment.
Figure 3. p38 MAPK activation by osmotic stress in
keratinocytes. Keratinocytes are treated with control medium (co) or
control medium supplemented with 200 or 300 mM sorbitol. Total cell
protein was extracted at the indicated times, separated by sodium
dodecyl sulfate±polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes and immunoblotted with anti-phospho-p38
antibody.
Figure 1. Upregulation of HSP70 and HSP27 mRNA in
keratinocytes after osmotic stress and heat shock. (a)
Representative northern blot of time-dependent changes in HSP70 and
HSP27 mRNA levels in keratinocytes receiving control medium (co) or
control medium supplemented with 100, 200, or 300 mM sorbitol. As a
positive control, keratinocytes were heat shocked (HS) 20 min on 45°C.
Non-human keratinocytes (NHK) were harvested for total RNA at the
indicated time-points. Sequential hybridization was performed with
cDNA probes for HSP70, HSP27 and GAPDH (normalization for
loading consistency). (b) Time course of HSP70 mRNA abundance or
(c) HSP27 mRNA abundance in sorbitol treated (concentration in mM)
or HS keratinocytes as measured by densitometric analysis of the
Northern blot shown in (a). Results are expressed as a percentage of the
respective level of mRNA expression for the same transcripts in control
treated keratinocytes at each time-point, after correction for even loading
(hybridization with GAPDH).
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cytes. Upregulation of HSP70 mRNA levels by heat starts earlier
and is more transient than upregulation of HSP70 mRNA levels by
osmotic stress. Upregulation of HSP27 mRNA levels by heat and
osmotic stress have similar kinetics.
Previous studies have shown HSP induction by osmotic shock,
predominantly in renal cells, which are exposed to large variations
in osmotic stress caused by diuretic and antidiuretic ¯uctuations.
(Cohen et al, 1991; Muller et al, 1996; Sheikh-Hamad et al, 1998).
Likewise, a potential function for the HSP in the response of
keratinocytes to osmotic stress can be envisioned from their
capacity to maintain protein conformation (Beckmann et al, 1990).
It is therefore conceivable that in epidermal keratinocytes HSP70
and HSP27 could play a part in protein stabilization in the face of
the elevated and potentially denaturing intracellular ionic concen-
trations that accompany acute volume changes elicited by a drying
environment.
The potential role of the HSP response elicited by heat in the
cellular response of keratinocytes to UVB has been extensively
studied. Con¯icting results have been reported. On the one hand,
heat pretreatment increases survival and decreases the number of
sunburn cells, thus apoptotic keratinocytes, in UVB-irradiated
keratinocytes. HSP70, but not HSP27, appears to be involved in
this protective effect. (Maytin et al, 1993, 1994; Trautinger et al,
1995, 1996; Simon et al, 1995; Kindas-Mugge et al, 1996). In
contrast, a protective effect of heat pretreatment against UV
damage has been questioned by others, because heat induction of
the HSP response (HSP72), reduces nucleotide excision repair in
UVB-irradiated keratinocytes and ®broblasts, possibly due to heat-
induced damage of repair proteins (Schmidt-Rose et al, 1999). This
reduction in nucleotide excision repair, together with a reduced
apoptotic response, an escape mechanism for irreversibly damaged
cells, could be potentially harmful and result in survival of cells that
may give rise to cancer. Whether or not the osmotic stress response
protects against UV damage remains to be investigated. In this
study we clearly show that osmotic stress induces HSP mRNA and
protein levels in human keratinocytes in a concentration-depend-
ent manner. A more sustained upregulation of HSP70 mRNA
levels after osmotic stress than after heat shock is of particular
interest in view of a potential photoprotective effect. To explore
this possible photoprotective effect further, investigations on
keratinocyte survival, sunburn cell induction, but also on DNA
damage and repair, is required.
As increased gene expression is often regulated by the sequential
activation of cytoplasmatic protein kinases, we investigated the
effect of osmotic stress on activation of the MAPK family of protein
Figure 4. Effect of p38 inhibitor PD169316 on osmotic stress and
heat shock-induced increase HSP70 and HSP27 mRNA levels. (a)
Representative northern blot of changes in HSP70 and HSP27 mRNA
levels in keratinocytes, treated with or without PD169316 (15 mM) for
30 min prior to osmotic shock (200 or 300 mM sorbitol) or control
medium. Keratinocytes were harvested for total RNA 16 h after osmotic
shock. Sequential hybridization was performed with cDNA probes for
HSP70, HSP27, and GAPDH (normalization for loading consistency).
The bar graphs show HSP70 (b) and HSP27 (c) mRNA abundance in
sorbitol-treated (concentration in mM) keratinocytes as measured by
densitometric analysis of the northern blot shown in (a). Results are
expressed as a percentage of the respective level of mRNA expression for
the same transcripts in control treated keratinocytes (PD169319 = 0 and
sorbitol = 0).
Figure 5. Effect of p38 inhibitor PD169316 on osmotic stress-
induced increase in Hsp70 protein levels. HSP70 protein levels in
NHK after osmotic shock in the absence or presence of the p38 MAPK
inhibitor PD169316 as measured by EIA. Heat shock was added as a
positive control. Keratinocytes were treated with or without PD169316
(10, 15, or 20 mM) for 30 min prior to osmotic shock (100 mM
sorbitol) or control medium. Exposure time to osmotic shock or control
medium was 4 h. EIA measures nanograms of HSP70 protein per
1.0 3 10 (4) cells. Results correspond with mean 6 SD (n = 4) of one
representative experiment.
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kinases. ERK, JNK, and p38 MAPK are activated by osmotic stress
in other cellular systems (Itoh et al, 1994; Galcheva-Gargova et al,
1994; Terada et al, 1994; Matsuda et al, 1995; Sheikh-Hamad et al,
1998). In our experimental conditions, sorbitol has no effect on
ERK activation and only a moderate effect on JNK activation. In
contrast, sorbitol preferentially activates p38 MAPK in human
keratinocytes. To con®rm further the involvement of p38 MAPK
in osmotic-stress-induced increase in HSP at the mRNA and
protein level in human keratinocytes, we investigated the effect of
PD169316. This potent and speci®c inhibitor of the p38 MAPK is
an imidazole-based compound used both in vivo and in vitro to
con®rm the speci®c involvement of the p38 MAPK pathway in a
variety of cellular physiologic processes (Boehm et al, 1996).
Incubation of cells with this compound inhibited the Myelin basic
protein (MBP)-phosphotransferase activity of p38 MAPK in
immunoprecipitation assays without affecting the activities of
JNK1 and ERK2 (Assefa et al, 2000). We showed that
PD169316 counteracts the upregulation of HSP70 mRNA levels
and HSP27 mRNA levels by osmotic stress in normal human
keratinocytes. PD169316 also counteracts upregulation of Hsp70
protein levels by osmotic stress in normal human keratinocytes.
These ®ndings suggest that p38 MAPK activity is essential for
osmotically induced upregulation of HSP, which may contribute to
the adaptation of keratinocytes to osmotic stress.
The p38 inhibitor PD169316 did not suppress heat shock
induced HSP70 and HSP27 mRNA levels (results not shown)
suggesting that the signal transduction pathways mediating
increased HSP70 and HSP27 mRNA levels by different stresses
are divergent: the pathways mediating osmotic-stress induced
increase in HSP70 and HSP27 mRNA levels are p38 MAPK
dependent, whereas those mediating thermal induced upregulation
of HSP70 and HSP27 mRNA levels are not.
In other cell types, p38 MAPK is involved in HSP27 activation
by phosphorylation of the HSP27 protein, thereby mediating its
homeostatic function at the actin-cytoskeleton level. (Guay et al,
1997; Schafer et al, 1998). The importance of this actin signaling
pathway depends on HSP27 expression levels, which in human
keratinocytes are also regulated by p38 MAPK. It remains to be
determined whether in primary keratinocytes osmotic stress induces
HSP27 phosphorylation and whether this process is p38 MAPK
dependent, as very recently shown for UVB (Wong et al, 2000). If
con®rmed, these ®ndings suggest that in human skin p38 MAPK
would play a key part in safeguarding the actin skeleton upon
osmotic stress by both regulating expression and activation of
HSP27.
We cannot completely exclude an additional involvement of the
JNK pathway in osmotic-stress-induced upregulation of HSP70
and HSP27 mRNA levels in human keratinocytes. Similar to what
we observed in our keratinocytes, also in other cellular systems JNK
was shown to be activated by osmotic shock (Galcheva-Gargova,
1994; Matsuda et al, 1995). In our experimental conditions,
however, p38 MAPK was preferentially activated by osmotic stress
and the highly speci®c p38 inhibitor almost completely abolished
upregulation of HSP70 and HSP27 mRNA levels by sorbitol. The
p38 MAPK pathway is therefore the major pathway of osmotic-
stress-induced upregulation of HSP70 and HSP27 mRNA levels in
primary keratinocytes.
Initially we starved the keratinocytes for 48 h in order to exclude
interference of growth factors, which are known stimulators of the
ERK pathway and to a lesser extent the JNK pathway. In a subset
of experiments keratinocytes were not starved prior to osmotic
shock (results not shown), yet they display similar kinetics of
sorbitol-induced upregulation of HSP70 and HSP27 mRNA levels
as in the starved cells. Thus, growth factors did not signi®cantly
interfere with the osmotic stress-induced increase in HSP mRNA
levels in human keratinocytes. This ®nding is in accordance with
the lack of ERK activation by osmotic stress in human
keratinocytes and further suggests that ERK is not a component
of the osmotic stress-induced signal transduction pathway in human
keratinocytes.
In conclusion, we have shown that osmotic shock induces
increased expression of HSP at the mRNA and protein level in
human keratinocytes. For HSP70, the upregulation of its message
level occurs later during osmotic treatment and is more persistent
than the increase of its mRNA level by heat. The pattern of
osmotic stress-induced and heat-induced increase in HSP27
mRNA levels are quite similar. The p38 MAPK is preferentially
activated by osmotic stress and the p38 MAPK inhibitor PD169316
counteracts osmotic shock-induced HSP expression both at the
mRNA and protein level, strongly indicating that p38 MAPK is
involved in osmotically induced upregulation of HSP, which may
contribute to the adaptation of keratinocytes to osmotic stress.
Osmotically induced expression of HSP70 and HSP27 and their
upstream pathways deserve further investigation as a model to study
the effects of a drying environment on skin cells.
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